Auditory processing is presumed to be influenced by cognitive processes -including attentional controlin a top-down manner. In bilinguals, activation of both languages during daily communication hones inhibitory skills, which subsequently bolster attentional control. We hypothesize that the heightened attentional demands of bilingual communication strengthens connections between cognitive (i.e., attentional control) and auditory processing, leading to greater across-trial consistency in the auditory evoked response (i.e., neural consistency) in bilinguals. To assess this, we collected passively-elicited auditory evoked responses to the syllable [da] in adolescent Spanish-English bilinguals and English monolinguals and separately obtained measures of attentional control and language ability. Bilinguals demonstrated enhanced attentional control and more consistent brainstem and cortical responses. In bilinguals, but not monolinguals, brainstem consistency tracked with language proficiency and attentional control. We interpret these enhancements in neural consistency as the outcome of strengthened attentional control that emerged from experience communicating in two languages.
Introduction
Every moment, our ears are bombarded with millions of bits of data that inform us about our acoustic environment. To best utilize this flood of information, the brain has developed ways to adaptively respond to sensory input (Engel, Fries, & Singer, 2001) . One mechanism by which sensory signaling is improved is by cognitive (i.e., executive) functions biasing the encoding of contextually or behaviorally relevant signals over irrelevant ones. The executive functions that guide this selection are based in the frontal and parietal cortex (Miller & Cohen, 2001; Smith & Jonides, 1999; Weissman, Roberts, Visscher, & Woldorff, 2006) and exert their influence on sensory processing via top-down mechanisms (Bar et al., 2006; Hochstein & Ahissar, 2002) These top-down mechanisms enable the executive system to influence a variety of auditory processing tasks (see McLachlan & Wilson, 2010 for review), including focusing the ''searchlight'' on a target sound (Fritz, Elhilali, David, & Shamma, 2007; Luo, Wang, Kashani, & Yan, 2008) .
The executive system follows a protracted maturational time course that extends through adolescence (Sowell, Thompson, Holmes, Jernigan, & Toga, 1999; Spear, 2000) . As evidenced by cognitive deficits in profoundly deaf children, development of the executive system may be shaped by sound-to-meaning connections made through auditory-based language experience (Conway, Pisoni, & Kronenberger, 2009) . In further support of a link between language experience and executive function, in bilinguals, the mapping of sound-to-meaning connections across two languages can fine tune the ability to selectively attend to important stimuli and ignore irrelevant ones, an executive function called inhibitory control. (Bialystok, 2011; Blumenfeld & Marian, 2011; Carlson & Meltzoff, 2008; Soveri, Laine, Hamalainen, & Hugdahl, 2011) . Given that bilingualism can improve attentional control abilities and that the executive system can influence sensory encoding via top-down signaling, we hypothesize that greater attentional control in bilinguals exerts a stronger influence on auditory processing enabling the bilingual auditory system to more effectively hone-in on the behaviorally-meaningful features of the incoming signal. We predict that this strengthened interaction between cognitive and sensory processing manifests as greater across-trial consistency in the far-field (i.e., scalp-recorded) population evoked response to sound for bilinguals relative to monolinguals (Hornickel & Kraus, 2013) . To test this hypothesis, we compared bilingual and monolingual adolescents on their attentional control abilities and the consistency of their auditory cortical and brainstem evoked response potentials to a speech syllable evoked under passive listening conditions.
Auditory evoked cortical and subcortical responses, though obligatory, can be influenced via top-down signaling (Hairston, Letowski, & McDowell, 2013; Woldorff et al., 1993; Wu, Weissman, Roberts, & Woldorff, 2007) . For example, the auditory cortex is sensitive to attentional state (Coch, Sanders, & Neville, 2005; Lutz, Slagter, Dunne, & Davidson, 2008; Näätänen, 1990; Winer, 2006; Woldorff et al., 1993; Wu et al., 2007) and is innervated by areas of the brain thought to be involved in directing attention (Gao & Suga, 2000; Huffman & Henson, 1990; Malmierca & Ryugo, 2011) . Moreover, recent evidence suggests that the inferior colliculus, the primary generator of the auditory brainstem response to complex sounds Skoe & Kraus, 2010) is also sensitive to the effects of attentional control (Hairston et al., 2013; Krizman, Marian, Shook, Skoe, & Kraus, 2012; Raizada & Poldrack, 2007; Rinne et al., 2008; Ruggles, Bharadwaj, & Shinn-Cunningham, 2011) . This coupling between the executive system and the inferior colliculus, which is presumed to take place through the extensive network of efferent connections that link cortical to subcortical structures (Gao & Suga, 1998; Gao & Suga, 2000) , can be measured by the auditory brainstem response to complex sounds .
The auditory brainstem response to complex sounds provides a neurophysiologic snapshot of how lifelong experience has re-wired the auditory system's automatic brainstem response to sound. For example, lifelong experiences such as native-language learning, bilingualism, and protracted music training leave their mark on auditory brainstem encoding (Krishnan et al., 2009; Krizman, Marian, et al., 2012; Musacchia et al., 2007) . This type of experience-dependent plasticity is thought to arise via top-down mechanisms and can be observed even when the response is evoked under passive listening conditions . Thus, if second language experience hones attentional control, if attentional control strengthens neural consistency through top-down processes, and if subcortical and cortical auditory structures are sensitive to attentional control throughout life, then bilinguals by virtue of having better attentional control abilities, are predicted to have greater consistency in their auditory evoked cortical and brainstem response to speech sounds. This greater neural consistency should in turn relate to attentional control abilities in bilinguals. Moreover, if neural consistency, like attentional control, is shaped by language experience, then we further predict that greater proficiency across a bilingual's two languages would relate to more consistent neural responses, given that reading abilities (another linguistic skill) have been positively related to neural consistency (Centanni et al., 2013; Hornickel & Kraus, 2013) .
Results

Summary of results
Bilingual adolescents had greater consistency in both their brainstem and cortical responses to the speech sound [da] than monolinguals. In both groups, cortical and brainstem consistency were highly related; however, in bilinguals, brainstem consistency, and not cortical consistency, tracked with attentional control and language proficiency.
Auditory Response Control (attentional control)
Bilinguals outperformed monolinguals on behavioral measures of attentional control (F (1,54) = 7.363 p = 0.009), with bilinguals having a mean standard score (±1SE) of 84.37 ± 3.52 and monolinguals having a mean standard score of 69.19 ± 4.21.
Response consistency
Bilinguals demonstrated more consistent brainstem (F (1,54) = 7.874, p = 0.007) and cortical (F (1,54) =4.302, p = 0.043) responses to the syllable [da] compared to monolinguals (Fig. 1) . For the bilinguals, the mean r-value was 0.769 ± 0.026 for the brainstem response consistency and 0.538 ± 0.033 for the cortical response consistency. Monolinguals had mean r-values of 0.675 ± 0.032 and 0.439 ± 0.039 for brainstem and cortical responses, respectively. 
Discussion
We show that the bilingual auditory system processes sound in ways that are both different from and similar to the monolingual system. Specifically, we demonstrate that although both groups showed consistent cortical and subcortical responses, bilinguals had greater consistency in their neural responses relative to monolinguals. We also observed that consistency of the cortical and subcortical evoked responses was related in both monolinguals and bilinguals. However, specific to bilinguals was a relationship between subcortical response consistency and both attentional control abilities and language proficiency, while neither group showed a relationship between cortical response consistency and these abilities.
All participants demonstrated a relationship between cortical and brainstem consistency that was specific to the evoked responses (and not the preceding neural background activity), suggesting that consistency in processing sound, as indexed by auditory evoked potentials, is maintained throughout the auditory system. This synching of brainstem and cortical responses is argued to result from signaling between afferent and efferent auditory pathways which link the generators of these responses to facilitate encoding of the signal in a behaviorally-relevant manner (Gao & Suga, 2000; Huffman & Henson, 1990 ). However, given that both the cortical and subcortical responses were recorded Cortical response consistency and brainstem response consistency are highly correlated in both bilinguals and monolinguals. (B and E) Only in bilinguals, but not monolinguals, was there a relationship between auditory attentional control abilities and brainstem response consistency, suggesting that experience using two languages sharpens the brain's response to sound. (C and F) Bilinguals with higher proficiency in both languages had more stable neural responses, while response consistency did not relate to monolingual language proficiency. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) simultaneously, it is possible that the relationship may partly reflect a byproduct of the recording procedure.
Although reciprocal connections exist between the frontal cortex -an area known to be involved in attentional control (Raizada & Poldrack, 2007; Weissman et al., 2006) -and the auditory cortex (Huffman & Henson, 1990) , no relationship was seen between attentional control abilities and cortical response consistency. The lack of a relationship between attentional control and cortical speech processing may be due to the inherently higher variability in cortical relative to subcortical evoked responses, as evidenced by the smaller across-trial correlation values for the cortical response in this study. On the other hand we do find that in bilinguals, but not monolinguals, there is a relationship between consistency of the auditory brainstem response and attentional control abilities. This relationship may suggest that efferent pathways connecting the executive system to the subcortical auditory system are preferentially strengthened through experience communicating in two languages. Whether this connection between the executive system and subcortical auditory processing is independent of or mediated by the auditory cortex cannot be deduced from the current data. Given that previous studies establishing a link between attention and auditory processing (both cortically and subcortically) have used active listening paradigms (e.g., Coch et al., 2005; Hairston et al., 2013; Woldorff et al., 1993; Wu et al., 2007) , future research should investigate the relationships among language experience, cortical response consistency, subcortical response consistency, and attentional control using active listening conditions that require the overt use of attentional control for encoding of auditory stimuli.
Though the mechanisms of language control in production remain under debate (e.g., see Costa & Santesteban, 2004) , it has been repeatedly shown that inhibitory control is engaged during bilingual language perception. When hearing speech, both of a bilingual's languages are automatically activated (Hermans, Bongaerts, De Bot, & Schreuder, 1998; Kuipers & Thierry, 2010; Marian & Spivey, 2003; Spivey & Marian, 1999) , and so for accurate perception to occur, one language must be inhibited (Kroll, Bobb, Misra, & Guo, 2008; Van Heuven, Schriefers, Dijkstra, & Hagoort, 2008) . Inhibition of the non-target language occurs quite rapidly (<500 ms, Blumenfeld & Marian, 2011; Treccani, Argyri, Sorace, & Della Sala, 2009) and within this time window, bilinguals are acutely tuned into the auditory input, as evidenced by their ability to rapidly detect a language switch (Kuipers & Thierry, 2010) . The bilingual's experience of cross-language activation may, we theorize, re-wire auditory and cognitive (i.e., attentional control) neural circuitry so that over time the neural architecture of the bilingual brain is a reflection of the constant need for attentional control and auditory circuits to interact during speech perception.
We propose that the need to engage executive and auditory systems concurrently during bilingual communication facilitates the relationship between brainstem response consistency and attentional control abilities that is found exclusively in the bilinguals and not the monolinguals. This sensory-cognitive co-activation we propose, leads to a re-wiring of the bilingual brain and how it automatically encodes sound. This re-wiring in the bilingual brain is so extensive that it can be seen when recording the subcortical response under passive listening conditions and may suggest a privileged pathway between the executive system and the subcortical auditory system in bilinguals. Through extensive experience engaging attentional control and the repeated modulation of subcortical structures by top-down mechanisms during bilingual communication, the obligatory response to sound has been changed to reflect these past listening experiences. A second possible interpretation of our findings that may act in tandem with the first is that the unique relationship between attentional control and subcortical audtiory processing in bilinguals reflects top-down mechanisms that are activated even under passive conditions. The activation of these top-down mechanisms during passive listening may arise from a syngeristic connection between sensory and cognitive functions that is formed through a lifetime of concurrently engaging attentional control and sensory acuity.
The relationship between attentional control and auditory brainstem encoding in bilinguals suggests that in this population the executive system biases neural encoding of the auditory cues that aid in rapid selection of the appropriate language. One of these biasing cues may be the fundamental frequency (F0, Krizman, Marian, et al., 2012) , a cue that a bilingual presumably manipulates when switching between languages (Altenberg & Ferrand, 2006) . Through lifelong experience mediating two languages, the neural pathway encoding these relevant cues (e.g., F0) may be repeatedly selected via feedback from higher order processing centers (Miller & Cohen, 2001) . Through Hebbian plasticity mechanisms (Hebb, 2002) , neural pathways providing top-down feedback and pathways carrying biased bottom-up sensory processing are strengthened and stabilized. This plasticity which arises from the demands of cross-language activation during bilingual communication would therefore lead to a heightened cognitive-sensory relationship in bilinguals. In support of this, previous work has shown a distinct relationship between auditory perception and inhibitory control during auditory comprehension for bilinguals relative to monolinguals (Blumenfeld & Marian, 2011 ) and here we show enhanced attentional control abilities in bilinguals relate to their enhanced auditory brainstem response consistency.
Relative to the larger variability typically seen in the cortical response to sensory stimuli (Arieli, Sterkin, Grinvald, & Aertsen, 1996; Shadlen & Newsome, 1998) , the auditory brainstem operates with microsecond precision. The auditory brainstem represents the incoming auditory signal with a high degree of fidelity, such that, when the response is averaged over a number of presentations, it closely resembles the evoking stimulus (Galbraith, Arbagey, Branski, Comerci, & Rector, 1995; Skoe & Kraus, 2010) . This fidelity is requisite for normal auditory function and is purportedly driven by precise, well-orchestrated firing of brainstem neurons (Hall, 2006) . In rare cases, this stereotypical precision breaks down substantially, resulting in a condition known as auditory neuropathy. While auditory neuropathy represents an extreme case of neural dysynchrony, milder forms of neural dysynchrony appear to exist in children with reading impairments relative to both average and above average readers (Hornickel & Kraus, 2013) . At the opposite end of the spectrum, bilinguals have a heightened form of neural stability that exceeds the normal range seen in the monolingual (i.e., baseline) population suggestive of enhanced neural synchrony within and across trials.
Combined with other findings, our data suggest that greater neural consistency is an index of an expert population (e.g., bilinguals, musicians) whereas an unstable response provides an objective biological index of a disordered population (e.g. dyslexia, neuropathy) (Berlin, Morlet, & Hood, 2003; Centanni et al., 2013; Hornickel & Kraus, 2013; Parbery-Clark, Anderson, Hittner, & Kraus, 2012; . Given the positive relationship between evoked response consistency and language proficiency in bilinguals, we propose that a stable neural response provides a platform on which stronger sound-to-meaning representations can be made. Inconsistency may be at the root of the dyslexic's difficulty in mapping sound-to-meaning while enhanced neural consistency may bolster language abilities, such as proficiency in a bilingual's two languages. Stability in the bilingual auditory system may provide the foundation for auditory advantages observed in bilinguals, including enhancements in the neural encoding of the fundamental frequency of speech sounds (Krizman, Marian, et al., 2012) , novel language learning (Bartolotti & Marian, 2012; Marian & Kaushanskaya, 2009) , and pattern detection abilities (i.e., statistical learning, Bartolotti, Marian, Schroeder, & Shook, 2011) . In populations that have inconsistent neural responses, it is possible to strengthen neural consistency through training (Hornickel, Zecker, Bradlow, & Kraus, 2012; Parbery-Clark et al., 2012; ; and so, in addition to other forms of auditorybased training, such as computer-based training or music lessons, second-language learning may be another type of training that can be implemented to help stabilize an inconsistent neural response to sound.
Conclusions
Bilingual experience enhances cortical and subcortical neural encoding and cognitive abilities, underscoring the interplay between sensory and cognitive processing in driving experiencedependent neuroplasticity. In bilinguals, we demonstrate that better attentional control is coupled with greater consistency in the subcortical evoked response, which further relates to their proficiency in both languages. This relationship suggests that language experience influences automatic sensory encoding of auditory stimuli, likely through enhancement of top-down processing streams that act to refine bottom-up signal transmission.
Methods
Subjects
Fifty-four freshman from three Chicago-area public high schools participated in this study. Subjects were divided into two groups based on language experience: English monolinguals (n = 27; 48% female, 44% low socioeconomic standing (SES, indexed by maternal education, D'Angiulli, Herdman, Stapells, & Hertzman, 2008; Hollingshead, 1975) ) and Spanish-English bilinguals (n = 27; 59% female; 59% low SES). Given that sex and SES affect cognitive and neural function (Hackman, Farah, & Meaney, 2010; Skoe, Krizman, & Kraus, 2013) , these measures were covaried in all statistical analyses. Inclusionary criteria were normal IQ (Wechsler Abbreviated Scale of Intelligence, WASI; monolinguals: 96.2 ± 11.6; bilinguals: 98.6 ± 7.2; F = 0.834, p = 0.365, Wechsler, 1999) , air conduction thresholds of <20 dB normal hearing level (nHL) for octaves from 125 to 8000 Hz, click-evoked brainstem response latencies within lab-internal normal limits (5.41-5.97 ms, 80 dB sound pressure level, 31/s), and no external diagnosis of an attention disorder (ADHD or ADD). The two language groups were age-matched (monolinguals: 14.56 ± 0.371 years; bilinguals: 14.63 ± 0.372 years; F = 0.536, p = 0.467). The Northwestern University Institutional Review Board approved all procedures and the children and their parent/guardian gave their informed assent and consent, respectively.
The Language Experience and Proficiency Questionnaire (LEAP-Q, Marian, Blumenfeld, & Kaushanskaya, 2007) and a parental report of the child's language abilities were used to measure language proficiency. All subjects reported high English proficiency (P7 out of 10 on English speaking and understanding proficiency). Spanish-English bilinguals also reported high Spanish proficiency (P7 out of 10 on Spanish speaking and understanding proficiency) and parents of bilingual children confirmed that the child was highly proficient in both English (P7 out of 10) and Spanish (P7 out of 10). The parent and the bilingual child indicated that the child learned both languages early (English: 3.07 ± 1.77 years; Spanish: 2.11 ± 1.69 years). Bilingual subjects reported daily exposure to English (61.3%) and Spanish (38.7%). Fifteen of the 27 bilinguals identified Spanish as their native language. A composite measure of language proficiency was generated for the bilingual subjects by averaging the child self-rating and parent's rating of the child's proficiency in English (maximum value = 10) and Spanish (maximum value = 10). The average proficiency ratings for each language were then added (maximum value = 20, range 15. 25-19.75) . Monolingual subjects reported English as their native language (age of acquisition 1.3 ± 0.95 years), no familiarity with a second language, and their parents also reported that the child only knew English. Similar to the bilingual subjects, a composite proficiency score was determined for the monolingual subjects' English abilities (maximum value = 10, range 8-10). Given that expert language proficiency was an inclusionary criterion, the range of language proficiencies for the English monolinguals was fairly narrow.
Auditory Response Control (attentional control)
Attentional control was assessed by the Integrated Visual and Auditory Continuous Performance Test (IVA + Plus, www. braintrain.com, Richmond, VA), a 20 min, Go/No-go test in which 1's and 2's are pseudo-randomly presented auditorily or visually. The subject responds only when a 1, but not a 2, is seen or heard. This test was administered in English at the high school using Sennheiser headphones and a laptop computer placed 60 cm from the subject. Performance for each subject was converted to age-normed standard scores and comparisons were made between bilinguals and monolinguals on the ''Auditory Response Control'' composite measure, which assesses attentional control in the auditory domain. All of the behavioral testing, including the IVA, occurred separately from the electrophysiological measurement.
Electrophysiological recording 4.3.1. Stimulus and recording
Stimulus and recording parameters have been described previously (Skoe & Kraus, 2010) . Briefly, the stimulus [da], a dynamic, six-formant, 170 ms sound synthesized at a 20 kHz sampling rate using a Klatt-based formant synthesizer (Klatt, 1980) , was presented to the right ear at 80 dB SPL at a rate of 3.98/s through an insert earphone (ER-3, Etymotic Research) using the stimulus presentation software NeuroScan Stim2 (Sound module, Compumedics). Responses were differentially recorded with Ag/Ag-Cl electrodes applied in a vertical montage (Cz-to-right earlobe with forehead as ground) using NeuroScan Acquire4 at a sampling rate of 20 kHz. Brainstem and cortical responses were measured concurrently as part of a passive listening paradigm. During electrophysiological testing, the participant sat in a comfortable reclining chair in an electrically-shielded, sound-attenuated chamber and watched a self-selected movie. The left ear was unblocked allowing the participant to hear the movie soundtrack played in English at <40 dB SPL, an insufficient intensity to mask the stimulus.
Data averaging
Subcortical auditory evoked potential responses were off-line bandpass filtered in Neuroscan Edit from 70 to 2000 Hz (12 dB/octave, zero phase-shift), which captures the limits of brainstem phase-locking Liu, Palmer, & Wallace, 2006) . Responses were then averaged over a À40 to 190 ms window, relative to stimulus onset, after first baselining to the pre-stimulus level. Two subaverages were created: one represented the first 3000 sweeps of the recording and the other represented the 3000 sweeps collected during the second half of the recording. An artifact reject criterion of ±35 lV was applied before averaging.
Cortical evoked potential responses were off-line bandpass filtered from 0.1 to 30 Hz (12 dB/octave, zero phase-shift) using Neuroscan Edit. Next, responses were averaged over a 0-250 ms window, relative to stimulus onset to create two sub-averages of 3000 sweeps representing the first half of the recording and the second half of the recording. An artifact reject criterion of ±100 lV was applied. Both the cortical and brainstem responses comprised 6000 sweeps.
Assessing cortical and brainstem consistency
Measurements of brainstem response consistency focused on the response to the vowel [a] (60-180 ms). This analysis window was chosen to identify potential mechanisms underlying neural enhancements previously found in bilinguals (Krizman, Marian, et al., 2012) .
Cortical response consistency was calculated over the entire 0-250 ms response. Both cortical and brainstem response consistency were obtained by correlating the first 3000 trials to the last 3000 trials (Hornickel & Kraus, 2013) , where an r value closer to 1 represents more morphologically consistent subaverages and an r-value of 0 represents no consistency between the two subaverages. The resultant r-values for each subject were Fisher z-transformed for subsequent statistical analyses.
